Abstract. Spark plasma sintering (SPS) is an extremely fast solidification technique for compounds that are difficult to sinter within the material group metals, ceramics or composites. SPS uses a uniaxial pressure and a very rapid heating cycle to consolidate these materials. This direct way of heating allows the application of very high heating and cooling rates, enhancing densification over grain growth promoting diffusion mechanisms allowing maintaining the intrinsic properties of nanopowders in their fully dense products. The ZrO2-TiN cermets prepared by SPS processing achieves the enhanced mechanical properties with the hardness of 15.1 GPa and the fracture toughness of 9.1 MPa•m 1/2 in comparison to standard reference ZrO2-TiN material.
Introduction
For many high demanding applications in the industry and biomedical field technical ceramics (e.g.: Al2O3, SiC, B4C,.Si3N4, etc.) provide solutions, because of their mechanical properties such as: high Young's modulus, superior abrasion resistance, chemical resistance, high melting point and dimensional stability [1] .
Usually, these materials processed by mechanical methods, which include the processing of a diamond cutting tool. However, ceramics is a slight material, and therefore it is very difficult to process it mechanically. An alternative to the mechanical method is EDM.
Although there are some setups which allow EDM (electrical discharge machining) processing of nonconductive materials [2] , standard EDM processes do require the work piece to be electrically conductive [3] .
Zirconium oxide (ZrO2), known to the general public for its use in the biomedical industry, has a good fracture toughness. However, this material cannot be machined using the conventional EDM setup, as it is one of the worst electro-conductive materials. Also, zirconium oxide has a low hardness, which limits its use in wear conditions [4] .
To date, several composites such as ZrO2-WC, ZrO2-TiB2, ZrO2-ZrC, ZrO2-SiC, ZrO2-TiN, and ZrO2-TiCN have been fabricated aiming to achieve an unique combination of high hardness, high strength, and high fracture toughness [5] [6] [7] [8] [9] [10] .
As of today, ZrO2-TiN samples are conventionally made by such methods as hot pressing and hot isostatic pressing [11] . However, these methods have a number of drawbacks like low sintering rate, high equipment costs, low reproducibility of the output, etc. From this perspective, spark plasma sintering seems a very promising method [12] .
Spark plasma sintering (SPS) or pulsed electric current sintering (PECS) is a sintering technique utilizing uniaxial force and a pulsed (on-off) direct electrical current (DC) under low atmospheric pressure to perform high speed consolidation of the powder. This direct way of heating allows the application of very high heating and cooling rates, enhancing densification over grain growth promoting diffusion mechanisms allowing maintaining the intrinsic properties of nanopowders in their fully dense products [13, 14] . The heating rate during the SPS process depends on the geometry of the container/sample ensemble, its thermal and electrical properties, and on the electric power supplier. Heating rates as high as 1000 °C/min can be achieved. As a consequence, the processing time typically takes some minutes depending on the material, dimensions of the piece, configuration, and equipment capacity.
The purpose of the present study was to investigate the dependence of the basic SPS processing parameters, such as temperature and time on the mechanical properties of ZrO2-TiN composites.
Materials and characterization

Raw materials
Commercially available nanopowder ZrO2 stabilized by 3mol% of Y2O3 (3Y-ZrO2) and TiN (Plasmotherm, Moscow, Russia). with an average ZrO2 particles size form 40 to 75nm and average TiN particle from 40 to 75 nm was used as an initial material.
Powder processing and sintering
Three suspensions of ZrO2-20vol%, ZrO2-30vol% and ZrO2-40vol% were prepared using a colloidal method . Slurry of powder was prepared using distilled water as liquid media via dry ball mill (ML-1, Kaluga, Russia), containing zirconia balls, in polyethylene containers at 150 rpm during 24 h. Then, in freeze-drying system the suspension was dried at the collector temperature of -50 ± 2°C. Furthermore, the shell temperature and the chamber pressure were kept at +23 ± 2•C and 0.02 ± 0.01 mbar, respectively, during the entire process. Powder densification was performed by SPS KCE-FCT-H-HP-D25-SD (FCT Systeme GmbH, Rauenstein, Germany) at a maximum temperature of 1300-1500°C (increments of 100°C), reached under vacuum at a heating rate of 100°C/min, and an applied pressure of 80 MPa. The final temperature and pressure were maintained for 3 min. The sintered specimens had diameters of 20 mm and thicknesses of 3 mm.
Microstructural and mechanical characterization
XRD analyses (Empyrean diffractometer, PANalytical, Almelo, Netherlands, Cu-Kα radiation, wavelength 1.5405981 Å, accelerating voltage 60 kV, beam current 30 mA) of the sintered samples were conducted in a step scanning mode at diffraction angles 2θ ranging from 25° to 100° (step size 0.05°).
Scanning electron microscopy characterization was carried out on polished down to 1 µm surfaces by VEGA 3 LMH (SEM Tescan, Brno, Czech Republic).
The density of the sintered samples (ρ) was measured in distilled water using Archimedes' principle and was compared with the theoretical value, calculated according to the rule of mixtures.
In order to quantify the ZrO2 average grain size, the sintered and polished samples were thermally etched in vacuum oven (Thermionic, Podolsk, Russia) for 30 min at a temperature of 25% lower than the sintering temperature, and the linear intercept method (LIM) was used [15] .
Vickers hardness, Hv, was measured on polished surfaces using a Vickers diamond indenter (QNess A10 Microhardness Tester, Salzburg, Austria), applying a load of 1 kg and an indentation time of 10 s. The hardness results were averaged over 10 indentations per specimen.
Fracture toughness (K1c) was determined from Vickers indentations obtained with a load of 10 kg for 10 seconds. The sizes of the corresponding indentations and crack lengths were measured using SEM. The HV and K1c of refence materials were measured using the same equipment and under the same testing conditions. The method and formulas for calculating Hv and K1c have been reported elsewhere [16] .
Results and discussion
XRD analyses
X-ray diffraction was carried out for the sintered sample (1400°C / 3 min / 80 MPa) (Fig.1) . XRD analysis revealed the presence of zirconium oxide (■) and titanium nitride (•) phases, without any additional peaks appearing. The microstructure of ZrO2 sintered in the following sintering regimes: sintering temperature-1300 ° C (a), 1400 ° C (b) and 1500 ° C (c) is shown in Fig. 2 . Microstructure images were obtained after thermal etching of samples in a vacuum oven.
It can be seen that a granular structure with an average grain size of 0.3 ± 0.2 μm, 0.5 ± 0.2 μm and 0.7 ± 0.2 μm was obtained for samples whose sintering temperature was 1300 ° С, 1400 ° С and 1500 ° C, respectively.
Mechanical properties
The influence of sintering temperature on density, hardness and fracture toughness of sintered composites presented on Fig.3-5 .
At a sintering temperature of 1300 ° C all the samples achieve low density (95-96%), but when the temperature is raised to 1400 ° C, the density values reach their maximum (99.5-99.8%). This is presented in Fig. 3 .
It can be seen from Fig. 4 that the hardness values reach their maximum (for 20% TiN-15.1 GPa, for 30% TiN-14.5 GPa, for 40% TiN-13 GPa) at a sintering temperature of 1400 ° C. When the temperature is raised to 1500 ° C, the hardness and fracture toughness decrease. This is due to the fact that at a higher temperature the growth of the grain increases significantly (Fig. 2) . For comparison, the hardness of a sample made by hot pressing is 13.7GPa. In an earlier published paper [17] , it was shown that the mechanical properties of the samples are also affected by the sintering pressure. In this regard, the optimum pressure of 80 MPa was chosen, at which all the samples were sintered. In addition, it was selected due to the strength of graphite matrix. ) is achieved on a sample with a 20vol%TiN. It is also seen that the highest values of fracture toughness on all samples are achieved at a sintering temperature of 1400 ° C, then this index decreases due to grain growth. 6 shows the Vickers indentation cracks induced on the surfaces of ZrO2-30vol% TiN. Fig. 6 shows a crack path that is mainly comprised of transgranular fractures. Which indicates that this sample has a good fracture toughness.
The electrical resistivity was also measured. The material with 20vol% TiN resistivity was 15 ± 1 Ω · m, with 30vol%TiN-7.7 ± 1 Ω · m, with 40vol% TiN-4 ± Ω · m.
In samples with a TiN content of 30% and 40%, sufficient electrical resistance was found to be processed by EDM. However, for a sample with a TiN content of 20% this index was insufficient, which makes it impossible to process this material with the aid of EDM.
In connection with the foregoing, the optimum content of titanium nitride should be considered 30vol%, as it provides not only increased hardness and fracture toughness, but also makes it possible to apply EDM to this material.
Conclusion
ZrO2-TiN cermets have been successfully fabricated by Spark Plasma Sintering. Results showed that all free basic sintering parameters (temperature, time) have a significant effect on the mechanical performance of sintered materials. The optimum percentage of TiN should be considered to be 30vol%, since with this additive the sample has an increased hardness (14.5 GPa), fracture toughness (8.2 MPa · m 1/2 ), and sufficient conductivity, which allows processing of products from of this material by EDM. With respect to the same sample made by the hot pressing, the samples produced by the spark plasma sintering showed an increase in hardness by 10%, and an increase in crack resistance by 16%.
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